The recent development on erbium-doped fiber amplifiers, and fiber lasers is reviewed. Also the latest results on planar erbium-doped waveguide amplifiers and high erbium concentration characterisation methods are presented.
In the present and future WDM applications of EDFAs, the gain nonuniformity (or gain tilt) is one of the most important problems, and several techniques for equalizing the nonuniform EDFA gain have been proposed. Among the methods for gain flattening are the use of htemal or external f d t e~g [9], requiring accurate fdter tuning and resulting in pump power loss, or the clamping of inhomogeneous gain [lo] by incorporating the ampldjer into a ring laser. Altemative methods for obtaining gain flatness are the application of short and highly pumped erbium-doped fibers [l 13, suffering from low power conversion efficiency, or changing the fiber host material such as in the case of fluoride-based EDFAs [ 121. To overcome some of the problems in the reliability and the complexity of the mentioned EDFA configurations, a hybrid-amplifier approach has also been suggested [13-141, in which erbium-doped fibers Bitrate-Distance product as a function of year of publication. Most of the data points origin from papers listed in [4] , and details of the most recent results may be found in [6-81.
with different glass compositions are serially cascaded. The basic idea behind this hybrid-amplifier configuration is the constructive use of the opposite signs of the gain slopes of shea erbium-doped fibers (EDFs) with different codopants (in the speclfic case of [13-141 the Al-codoped EDF has a positive gain slope and the P-AI-codoped fiber has a negative gain slope in the 1550 nm wavelength range). It has also been suggested to combine the opposite gain slopes within one single fibre [15] , resulting in improved stability towards longitudinal pump power redistribution.
As lightwave systems move towards higher bitrates, higher powers, longer span lengths, and even all- Fiber lasers: Erbium-doped fiber lasers may be viewed as EDFAs operating in the particular regime, where coherent oscillation of amplified spontaneous emission (ASE) occurs due to some means of feedback. Among the basic advantages of RED fiber lasers are: they can be pumped w i t h compact efficient laser diodes, they are compatible with optical fibers giving negligible coupling losses, connecting by splicing alleviates any mechanical alignment of parts and provides superior environmental stability, they offer wide tunability covering the third telecommunication window (around 1.55 pm). Laser cavities may be categorized according to the means of feed back. In ring cavities the EDF is spliced in an endless loop, eliminating the need for laser mirrors. Furthermore, the ring cavities may be designed to operate unidirectionally by introducing an optical isolator in the loop. This is a true all-fiber laser. It shows robust single-mode operation over a wide temperature range. The grating in the EDF is 25 m m long and the Er-concentration is 1.5.1ds m-3. This yields a pump power slope efficiency of 0.6 5% due to the low absorption in the EDF. The performance is illustrated in Figure 2 . Present development is focused on increasing the p i n per length and pump efficiency by increasing Erconcentrations and codoping with ytterbium (Yb). Smce it seems unhkely to achieve optimal gain and high UV-sensitivity in the same glass (as codoping with Ge and Yb causes phase separation in the glass), separation of Erbium-doped and UV-sensitive glass in the fiber cross section is a design possibility that could increase output power. Several DFB lasers with closely spaced lasing wavelengths may be written in the same EDF. This would produce a robust "monoblock" multiwavelength source that might be the choice for emitters in future WDM networks. Characterisation of high-concentration erbium-doped materials: To obtain sufficient gain over the short device length of a planar waveguide amplifier or a fiber laser, high Er-concentrations are needed. However, at high Er-concentrations, interaction between Er-ions will lead to excitation quenching through energy transfer upconversion (ETU) between erbium ions in the upper laser level 41,3,2 for the 1530 nm transition [43-4.41. The reduction in quantum efficiency due to quenching will be particularly strong in materials (such as e.g. silica glasses), in which Er-ions tend to form clusters [44-471. Various methods have been used for characterizing high concentration Er-doped materials with respect to ETU. An important class of methods is time-resolved spectroscopy including studies of the non-exponential component of the 1530 nm fluorescence decay [43, 45, and studies of the decay of the 980 nm or 800 nm upconversion fluorescence [43,45,50-5 13, usually after cutoff of a steady-state pump. These techniques are suitable for examining ETU between homogeneously distributed ions [48, 52] and (provided sufficient time resolution) for evaluating quenching times for clustered erbium ions [51] , but not for estimating the fraction of clustered erbium ions, since only very few clustered ions will be in the upper laser level at pump cut-off. If, on the other hand, short, strong pump pulses are used, an even excitation of clustered and unclustered erbium ions may be assumed. In [53] , this principle is used for a simultaneous extraction of the fraction of clustered ions and a determination of an extremely short quenching time of 50 ns. A more common way of determining the fraction of clustered Er-ions is through transmission measurements, where the quasi-unbleachable Er-ions within clusters result in a nonsahu-able absorption of pump light [46, . Such measurements, though easily obtainable, lack from the fact that no insight in the population of the energy levels of the Er-ions is gained. In [57] , a method is presented by which information about the populations of the two first excited energy levels may be extracted. This is accomplished by observing the 1530 nm infrared fluorescence and the 550 nm green fluorescence resulting from excited state absorpbon of a 980 nm pump. Due to quenching, the infrared and green fluorescence show different saturation behaviours with respect to pump power. The method allows the estimation of the fraction of quasi-unbleachable Er-ions as well as an effective quenching time for these ions. Figure 4 shows the estimated fraction of quasi-unbleachable ions for various high concentration EDFs as reported in [57- 581. The fraction of quasi-unbleachable ions is seen to grow with the Er-concentration and to be reduced by lanthanum co-doping. Figure 5 shows the corresponding estimated quenching times. These are seen to increase with the erbium concentration, which may presumably be attributed to the presence of larger clusters at higher concentrations [ S I . The quenching times in Figure 5 are seen to be several orders of magnitude longer than the above mentioned value of 50 11s reported in [53] , which may partly be explained.
by different experimental conditions. In the green fluorescence setup, the Er-ions are -like in an optical amplifier -cw pumped and due to quenching only very few erbium ions per cluster wiU simultaneously be in the upper laser level. This will in large clusters lead to relatively slow quenching, because the excitations have to meet through intra-cluster energy migration. In the pulsed pump setup reported in [53] , many Erions may be excited within the same cluster, which will lead to an ultra-fast quenching-component. If other quenching mechanisms than ETU are present, the transmission measurements and the green fluorescence setup will not be able to distinguish between them. ETU may, however, be studied separately by observation of the 980 nm or 800 nm upconversion fluorescence [50, 59] . In [59] , this principle is combined with studies of the frequency response of the fluorescence in order to investigate separately the contributions to ETU from homogeneously distributed and clustered erbium ions. Finally, non-spectroscopic characterisation methods include component oriented approaches, where the performance of amplifiers and lasers are used for extracting information about the degree of clustering [60-611, as well as approaches oriented towards basic physics, such as the application of transmission electron microscopy [62] for studying clusters directly. The latter method has confirmed the assumption of the existence of large clusters in high concentration Er-doped glasses [62] . Conclusions: The review of the development status-on erbium-doped waveguide components shows that not only has the erbium-doped fiber amplifier become a key element in optical transmission systems, but erbium-doped fiber lasers do also indicate large potential for the realisation of efficient fiber lasers. Although a relatively young technology, many exciting results must be expected in the near future, including practical application of planar erbium-doped waveguides, and optimization of waveguide (and fiber) structures based on a more detailed knowledge of high erbium concentration effects in waveguides.
